Abstract. Advanced radiation transfer models capable of representing the reflectance of the coupled surface and atmosphere system have been used to generate look-up tables of simulated remote sensing measurements at the top of the atmosphere for typical conditions of forest cover and atmospheric composition found in northern Europe. These simulations were evaluated against actual observations under identical viewing and illumination geometries, available for the blue, red, and near-infrared spectral bands of the VEGETATION instrument to retrieve the most likely of a set of predefined solutions to the inverse problem. The accumulation of results over multiple days in the summer of 1999 permitted the establishment of maps showing the likelihood of identifying the predefined forest types, their corresponding structural characteristics, as well as the associated atmospheric optical depth on the day of retrieval. The proposed methodology is completely generic and thus can easily be prototyped for different biomes and instruments.
Introduction
Current ecological and climatological research interests place considerable emphasis on the magnitude and dynamics of the physical and chemical processes that control the exchanges of water, energy, and carbon at the interface between the biosphere and the atmosphere. Accurate knowledge of the spatial and temporal variability of the world's forest characteristics is not only mandatory to verify the implementation of international treaties (climate change, environmental degradation, biodiversity preservation, etc.) but also to provide appropriate initial and boundary conditions for general circulation or global climate models [e.g., Knorr et al. 1995] .
In particular, the boreal ecosystem, which covers extensive and often inaccessible areas, has become the target of an intensified effort to quantify the whereabouts of the missing CO2 in the context of the global carbon budget. Satellite remote sensing, in principle, can provide a convenient, efficient, and cost-effective way to gather this information, because data can be acquired repetitively over large areas and at a spatial resolution adequate to address many key ecological and climate change related issues [l/erstraete, 1994]. A variety of land-cover information extraction schemes have thus been applied to satellite-gathered measurements in the past. These include (unsupervised) supervised image classification techniques of single, multitemporal and/or multisensor data, or metrics derived thereof, as well as spectral unmixing, the use of expert knowledge, simple spectral vegetation indices, and a wide variety of ancillary validation data [Gervin et Knyazikhin et al., 1998 ]. As pointed out by Gobton et al. [2000a] , the choice of the model depends, firstly, on the nature of the application, but also on the accuracy that is required by the end user of the derived information, as well as the availability and quality of the data, and the allowable cost of producing the desired information.
Strategy of Retrieval
The physical interpretation of a multispectral and/or multidirectional data string collected by a space-borne sensor over terrestrial surfaces reduces ultimately to the solution of an inverse problem. Inverse problems are notoriously ill-posed and often lead to the identification of multiple solutions, hereinafter referred to as "probable" solutions, which are all statistically equivalent to the extent that they permit the simulation of this series of observations within the range of the remote sensing data uncertainty [see Kahn et al Gobron et al., 2000a] . Conceptually, these probable solutions are simply part of a very large ensemble of "potential" solutions that must be regarded as infinite, without any a priori knowledge on the type of solutions to be found. For all practical purposes, however, this ensemble becomes finite as soon as a LUT of potential solutions with defined boundaries and increments on the values of the variables is specified. The size of this LUT can be limited by importing additional, so-called ancillary information to prevent the searching for very improbable geophysical or ecological events.
Apart from the identification of a large ensemble of potential solutions, the quantification of the desired accuracy on the retrieved information and the knowledge of the remote sensing data and algorithm uncertainties have to be addressed. This is mandatory in order to best select both the models to be applied and the source of the data to be used in the inversion. However, assessing the accuracy required on the desired information may not always be an easy task unless the further impacts related to the cost of the tolerated errors are thoroughly evaluated. In practice, most end-users request the most accurate information that can be provided, given the performance of the algorithm and the intrinsic uncertainties associated to the input remote sensing data.
Because of the nonuniqueness of solutions to an inversion problem, the interpretation of remotely sensed data strings requires finding the set of probable solutions rather than the "true" solution. This strategy is, in fact, dictated by (1) inherent limits of radiation transfer regimes, which do not guarantee the existence of a unique one-to-one relationship between the sets of state variables of the geophysical system and its measured outgoing radiance fields , and (2) intrinsic uncertainties in both the inversion algorithm and the data sources. This implies that identifying the ensemble of the probable solutions must be constrained by the various levels of uncertainties associated to the various constituents entering the inverse procedure. A practical and elegant method has been devised by Kahn et al. [1997] to extract aerosol load and properties from data acquired by the Multiangle Imaging Spectroradiometer (MISR) instrument on board TERRA. It has been applied by Pinty et al. [2000a] to estimate surface bidirectional reflectance factor (BRF) and albedo values using METEOSAT data. This approach is based on an ensemble of metrics that permit the isolation of the set of probable solutions that are all equivalent in terms of their ability to represent the observations within the limits of the imposed uncertainties.
Forest Canopy Modeling
The inverse problem to be solved in the context of this study consisted in the identification and primary characterization of boreal forests over northern European regions. As such, it was necessary to first identify the ensemble of potential surface types that could occur within the region of study prior to the simulation and subsequent storage of their reflectance fields at the top of the atmosphere (TOA) in an appropriate set of LUTs.
Coniferous trees exhibit nonuniform foliage distributions, highly convoluted needle surfaces, and significant clumping of their individual crown elements (needles, shoots, and branches). They may well have in excess of 100,000 needles per tree and can occur in stands with densities above 1000 trees/ hectare. Ecological factors like soil type and moisture, tree density and maturity, as well as the exact geographic location, wind regime, and climatic conditions also play an important role in the crown structure characteristics of individual trees. . Five different tree densities from 100 to 1200 stem/hectare were chosen to generate the coniferous forest scenes. For tree density values greater than 400 stem/hectare (which is equivalent to 40,000 trees in a scene of 1 km2), individual trees were grouped into height classes of 0.5 m interval, and their biophysical properties were aligned to those of that respective class. This explains why in Table 1 the average values for the tree height, the height to the crown base, and the crown and trunk radii are different at higher stem density values. Finally, the spectral properties of the needles of Norway spruce trees [Williams, 1991] Table 2 for all spectral properties).
Physics of Retrieval
The identification of a particular terrestrial environment or biome type on the basis of data taken from space involves the reckoning of the spectral BRFs at the surface level. Once these surface BRFs are known, they can be compared to a series of LUTs in order to identify the geophysical systems best able to replicate them. This implies, however, that the surface BRFs As an example of the information stored in the LUTs, Plate 3 shows the simulated TOA reflectance factors for the blue, red, and NIR VEGETATION channels (top three rows), for a solar zenith angle of 49 ø and a relative azimuth of 45 ø over low, medium, and high tree density boreal coniferforest scenarios (left, middle, and right columns, respectively). The large dynamical ranges occurring at all wavelengths of the VEGETATION sensor illustrate both the importance of the angular effects on the measured signal and, more interestingly, the existing potential in using these angular signatures to better constrain the inversion procedure.
Mathematical Approach

Identification of the ensemble of probable solutions.
To apply the simulated spectral signatures in a boreal forest identification algorithm, an efficient measure must be devised All potential solutions that have X(x,0v) < 1 for a specific value of the error criterion e belong to the set of probable 2 < 1 I e } at that particular view zenith solutions S { X(x, or) angle and spectral band condition. However, for a potential solution to be identified as a probable solution to all valid instantaneous directional and spectral observations (O) of a given instrument, it needs to be included in the intersection of all of the above available sets of probable solutions: 
Simulation Tests of the Inverse Procedure
A series of experiments were performed in order to (1) quantify the intravariability of the set of predefined potential solutions (the term solution refers here to an underlying surface type and its associated atmospheric optical depth), (2) identify, in the case of monodirectional instruments, one or more optimal viewing conditions that consistently increase the separability of the predefined solutions over all spectral bands, and (3) test the expected performance of the proposed inversion methodology in terms of the limits and quality of the retrieved forest types and associated aerosol load for a VEGETATION-like instrument. These tests [see Pinty et al., 2000c] lead to the conclusion that (1) the intravariability of the predefined solutions is dependent on the spectral band of observation, (2) different optimal viewing conditions exist for individual surface types, illumination angles, and atmospheric aerosol conditions, and (3) no single value of the error criterion, greater than the absolute calibration error of the VEGETATION instrument, can guarantee the complete separability of all predefined solutions in Table 3 Multiangular observations such as those of the Multiangle Imaging Spectroradiometer [Diner et al., 1991] , on the other hand, would almost completely eliminate the viewing angle dependency of the separability of the predefined solutions. In addition, the increased number of spectral and directional constraints in (2) would almost certainly increase the level of separability between the predefined solutions. However, the use of only one value for the error criterion in operational retrievals is still inappropriate because of the dependency of the solutions with respect to the changes in illumination angle and aerosol conditions. The approach adopted here will therefore consist of gradually incrementing the value of the error criterion until either a valid solution is retrieved or else an upper limit of e is reached. In the case of multiple solutions to an instantaneously gathered data string, the methodology of section 2.3.2 will be applied to retrieve the most likely of the probable solutions, whereas the procedure of section 2.3.3 will be used to identify the temporally most representative of the predefined surface types at every pixel position.
Application to Actual Data
The identification and characterization procedure presented in section 2.3 has been applied to a VEGETATION TOA data set (P-products), acquired over northern Europe during the first 20 days of June 1999. Given that Henry and Meygret [2000] claim that the absolute calibration error over the first three spectral bands of the VEGETATION instrument lies in the range of 3 to 5%, the inversion procedure at every pixel position was started with an initial error criterion value of 3%. If no probable solution out of the precomputed set of potential forest types could be retrieved, the error criterion was increased by 1%, and equation (1) was evaluated anew, for all three spectral bands considered. This iterative procedure either identified one or more probable solutions at some specified degree of confidence (error level) or ended with no solution if the error criterion reached 20% and no probable solution had been identified yet. From results summarized in Figure 2 , it can be seen, however, that the number of probable solutions did not exceed unity in 87.7% of the processed pixels for which acceptable solutions were identified. This procedure can be applied in a stand-alone mode in the sense that it does not require any prescreening for cloud/cloud shadow contamination or other spurious geophysical situations because these geophysical situations can hardly lead to the finding of a probable solution, as defined by (1). However, to limit the unnecessary processing of too many pixels, we adopted a conservative screening procedure that is based on the optimized VEGETATION normalized index ( ability that the actual biophysical characteristics of these pixel locations are in agreement with the ones of the predefined solutions will decrease. The goal is thus to generate a forest cover map where the correspondence between pixels with valid retrievals and the actual pre. sence of forested areas at these locations is maximized. This can be achieved by selecting a cutoff value for the maximum tolerable error criterion that adequately delineates the presence of wooded areas similar to those included in the set of predefined forest types. Clearly, such a value is dependent on the adequacy, the number, and range of surface types that are included in the set of potential solutions. More limiting, however, because less quantifiable with respect to the inversion procedure, are processing and measurement-related uncertainties, like data interpolation for mapping purposes, adjacency effects, and spectral mixing, which all affect the denominator of (1). As a compromise to the above arguments, it was decided to present the following results at a maximum value of 8% for the error criterion. This value corresponds to the in-flight, root-mean-square deviation from the VEGETATION reference calibration over bright sands and deserts in the blue, red, and near-infrared bands [Henry and Meygret, 2000] . Additionally, the 8% specifically take account of the bounded envelope of the predefined spectral reflectances in the LUTs. In other words, it captures the inaptitude of the five predefined forest scenes to account for the natural ranges of structural and spectral variability in the landcover and soil types that are likely to be encountered within the region of study. When comparing the maps in Plates 5 and 6, one should, however, keep in mind the various uncertainties due to data derived from different sources, with disparate reliabilities, spatial accuracies and temporal acquisition periods, as well as those due to the sets of criteria that are not always related to measurable quantities but instead to ecological classes that have been defined a priori. Two of the main issues in such an intercomparison exercise are the selection of a tolerable error level and the lack of quantification of the uncertainties in the associated classes. By precomputing the radiative signature of a series of explicitly described, three-dimensional representations of potential land-cover types, prior to the identification of the most probable one of these as a representative solution for a given period of observation, the ambiguities of interpretation are ultimatively delegated to the end user of the derived information. It is his task to decide upon the value of the error criterion beyond which the predefined solutions can no longer be tolerated as probable in the sense of the application at hand. In the case of the presented inversion methodology the retrieved information will not only contain biophysical structure parameters but also the allometric equations that relate to them, since these were an implicit part of the input information.
Nevertheless, a number of issues related to the derivation of the forest characterization map in the left-hand panel of Plate 5 still have to be addressed here. The length of the compositing period and the number of days with at least one probable solution within that period both have an effect onto the selection of the most representative surface type. The reasons for this are twofold at least: firstly, the VEGETATION instrument is monodirectional, which clearly reduces its capability in differentiating between similarly vegetated surfaces at the scale of observation [Diner et al., 1999] , and secondly, it is also possible that the viewing conditions for a given pixel location may change from relatively oblique angles to virtually nadir in subsequent overpasses, which can easily influence the separability of the predefined surface-type solutions [Pinty et al., 2000c] . Additionally, one has to keep in mind that with the rapidly changing atmospheric conditions over northern latitudes, the monodirectionality of this instrument, and the associated measurement errors, it is possible to mistakenly retrieve a unique solution to the inversion problem that may be characterized by an elevated aerosol load and an "erroneous" surface type.
Conclusions
The retrieval of an exhaustive set of boreal forest characteristics from remote sensing data was investigated. For that purpose the BRF fields at TOC and, subsequently, at TOA, for a series of three-dimensional representations of typical coniferous forests, were simulated, for a predefined set of aerosol, viewing, and illumination conditions. These spectral BRF values were stored in LUTs, from where they could easily be retrieved for a comparative evaluation against actual satellite data, under identical viewing and illumination geometries. If an acceptable match between observed and precomputed spectral BRF values was found, the physical parameters that had been involved in the generation of the corresponding LUT entries were considered as a possible solution to the satisfactory interpretation of the observed satellite measurements. By retaining the most likely of the so retrieved solutions over a period of 20 days in June 1999, the generation of maps showing the likelihood of identifying various forest types, their most representative corresponding structural characteristics, as well as the associated atmospheric optical depth at the day of retrieval was performed. A visual comparison with two independent land-cover maps confirmed the usefulness of this approach, especially with respect to the delineation of forestcovered zones. In addition, however, the proposed retrieval methodology is completely generic and thus can easily be pro- Of particular interest here is the latest of the generation of multispectral and multiangular instruments (e.g., MISR). Indeed, Diner et al. [1999] and Gobton et al. [2000a] showed that with multiangular MISR data, a more detailed, reliable, and accurate description of different surface types is achievable than from monodirectional instruments. More specifically, its nine viewing angles would allow for a much more stringent identification criteria to be imposed, when looking for probable solutions in the LUT entries. This, in turn, would clearly translate into a better separability of the set of predefined solutions and hence also the acceptable size of that ensemble. Another point to consider is that at the nominal ground resolution of MISR (275 m) the use of three-dimensional canopy representations for the simulation of the exiting BRF field at TOC intuitively appears to be more warranted. All of these considerations then indicate that the potential of the method-
